Purpose The practice of intentional rounding up of serum creatinine (SCr) in elderly patients with low measured values can lead to an underestimation of creatinine clearance and subsequent inaccurate dosing of medications. Thus, the purpose of this study was to evaluate the accuracy of vancomycin dose calculations for patients aged C65 years using an SCr rounded up to 1 mg/dL versus actual SCr. Methods This study compared the difference between measured steady-state vancomycin trough concentrations with predicted trough concentrations that have been calculated using rounded SCr and actual SCr. All non-obese patients C65 years of age with a baseline SCr \1 mg/dL who received a vancomycin regimen based on a SCr rounded to 1 mg/dL, and had a steady-state trough drawn between June 2014 and December 2015, were evaluated. A total of 1709 patients were evaluated, of whom 56 met all the selection criteria. Results The mean difference between measured vancomycin trough concentrations and predicted trough concentrations using rounded SCr was 8.84 versus 4.54 lg/mL using actual SCr [mean difference 4.31, 95% confidence interval (CI) 3.2-5.41; p \ 0.0001]. In female patients, the mean difference between measured concentrations and predicted concentrations using rounded SCr was 9.68 versus 3.53 lg/mL using actual SCr (mean difference 6.15, 95% CI 4.42-7.88; p \ 0.0001), while in male patients the mean difference between measured concentrations and predicted concentrations using rounded SCr was 8.21 versus 5.29 lg/mL using actual SCr (mean difference 2.92, 95% CI 1.6-4.24; p \ 0.0001). Conclusion Using actual SCr to perform vancomycin dosing calculations more accurately predicted measured vancomycin troughs than using an SCr rounded to 1 mg/ dL. In our sex-specific analysis, using actual SCr resulted in more accurate trough projections for both males and females than using a rounded SCr.
Introduction
Vancomycin is a tricyclic glycopeptide antibiotic that exhibits bactericidal activity via inhibition of cell-wall biosynthesis. It is used to treat infections caused by susceptible gram-positive bacteria such as enterococci and methicillin-resistant Staphylococcus aureus [1] . Vancomycin concentrations require close monitoring due to risks for adverse events and the impact of age and renal function [1] [2] [3] [4] . Studies have shown that there is an agerelated decrease in renal function [5, 6] which can be measured using creatinine clearance (CrCl). Lindeman et al. [7] concluded that the mean decrease in CrCl was 0.75 mL/min/year.
A 24-h urine collection is the gold standard for measuring CrCl; however, the Cockcroft-Gault equation is normally used due to difficulty meeting urine collection requirements of specific temperature conditions, patient participation, and the time required [8, 9] . The estimation of CrCl via the Cockcroft-Gault equation includes sex, age, weight, and serum creatinine (SCr) [10] . A decrease in SCr in elderly patients can be attributed to both reduced protein intake and muscle mass [9, 11, 12] . For elderly patients with an SCr \1 mg/dL, correction of decreased SCr can lead to the practice of rounding SCr up to 1 mg/dL to prevent overestimation of CrCl [13] [14] [15] [16] [17] .
Smythe et al. [17] analyzed the accuracy of CrCl and daily aminoglycoside dosing based on both a rounded SCr value of 1 mg/dL and actual SCr. By using the 24-h urine collection method, the difference between CrCl for rounded SCr was 28.8 mL/min (19.1-38.4), compared with actual SCr at 2.3 mL/min (-10.3 to 14.8). The difference between actual aminoglycoside dose required, as determined by concentration measurements and predicted dose using rounded SCr and actual SCr, was -89 ± 67 mg and 14 ± 120 mg, respectively. The authors concluded that rounding SCr to 1 mg/dL significantly underestimated both CrCl and the correct aminoglycoside dosage.
The practice of rounding up SCr in the elderly can lead to underestimation of CrCl and underdosing of medications. The purpose of this study was to evaluate the accuracy of vancomycin dose calculations for patients aged 65 years or older using an SCr rounded up to 1 mg/dL versus actual SCr in patients admitted to a large community hospital.
Patients and Methods

Study Design and Setting
This single-center, retrospective, chart review study was reviewed and approved by the Institutional Review Board of the University of North Carolina (UNC). The study was conducted at UNC REX Healthcare, a large community hospital in Raleigh, NC, USA.
Data collected included patient age, weight, height, sex, amputee status, outside hospital transfer status, vancomycin dose, dosing interval, SCr, time of administration, date and time of trough draw, number of doses administered before trough was obtained, and measured trough. The equations used to perform vancomycin pharmacokinetic calculations (Table 4 in Appendix) were determined by the UNC REX Healthcare Department of Pharmacy.
The primary outcome of this study was to compare the measured steady-state trough concentration with the predicted troughs using rounded SCr versus actual SCr. A secondary outcome of this study was to compare the measured trough concentration of patients with an SCr B0.7 mg/dL with the troughs predicted using actual SCr versus actual SCr adjusted for the laboratory-specific correction factor. The correction factor is the result of standardization of creatinine assays with the isotope dilution mass spectrometry traceable method [18] . The standardization was to compensate for the original assay and samples, which validated the Cockcroft-Gault equation, no longer being available. The UNC REX Healthcare correction factor is 1.68, based on our assay and instrument used to determine SCr.
Other secondary outcomes include the primary outcome stratified by sex, assessment of the incidence of nephrotoxicity ([0.5 mg/dL change in SCr over baseline, C50% increase in SCr over baseline in consecutively obtained daily SCr values, or a CrCl decrease of 50% from baseline on two consecutive days), and percentage of vancomycin troughs that were therapeutic, subtherapeutic, and supratherapeutic. Therapeutic was defined as a vancomycin trough between 15 and 20 lg/mL.
Patient Selection
Patients who received intravenous vancomycin between 20 June 2014 and 15 December 2015 were evaluated for inclusion in this study. Patients were included if they met the following criteria: age C65 years, an SCr of\1 mg/dL, a total body weight \1.2 times their ideal body weight, an appropriately drawn steady-state vancomycin trough (during their hospital stay, within 1 h of ordered time, and after at least four half-lives have passed since beginning the regimen), and an SCr rounded to 1 mg/dL during vancomycin dose calculation with a trough goal between 15 and 20 lg/mL. Patients were excluded if they were an amputee, were transferred from another healthcare facility, or had unstable renal function detected prior to trough being drawn (as indicated by an observed change in SCr of C25%). A total of 1709 patients were evaluated for this study.
Data Collection
The following data were obtained: age, sex, height, weight, SCr, vancomycin regimen, infusion time, indication, and measured trough concentration.
Statistical Analysis
Baseline demographics, clinical characteristics, nephrotoxicity, and troughs were tabulated based on descriptive statistics. Paired t tests were performed to evaluate the relationship between our primary endpoint and secondary endpoints of actual SCr versus actual SCr plus correction factor, as well as the primary outcome stratified by sex. All statistical computations were performed using SAS software version 9.4 (SAS Institute Inc., Cary, NC, USA).
Results
Overall, 1709 patients were screened for inclusion, of whom 64 met the inclusion criteria. The most common reasons for exclusion were age \65 years (771 patients) and SCr C1 mg/dL (603 patients). Of the 64 patients who met the inclusion criteria, eight were excluded due to transfer from another healthcare facility (three patients) and unstable renal function prior to trough being drawn (five patients). A total of 56 patients were included in the analysis (Fig. 1) . Patient demographics and clinical characteristics are summarized in Table 1 .
A patient example and summary of calculations are reported in Table 4 and Fig. 4 Fig. 2) . In comparing actual SCr with actual SCr plus correction factor, the mean differences were 3.2 and 3.8 lg/mL, respectively (mean difference -0.59, 95% CI -1.99 to 0.8; p = 0.38). In females, the mean difference between measured concentrations and predicted concentrations using rounded SCr was 9.68 versus 3.53 lg/mL for actual SCr (mean difference 6.15, 95% CI 4.42-7.88; p \ 0.0001), while the mean difference for males was 8.21 lg/mL for rounded SCr and 5.29 lg/mL for actual SCr (mean difference 2.92, 95% CI 1.6-4.24; p \ 0.0001) ( Table 2 ; Fig. 3 ). When comparing root mean squared, the SCr rounded to 1 lg/mL had a variance of 77.68 compared with actual SCr of 5.51. The variance for actual SCr plus correction factor was 4.95.
As shown in Table 3 , subtherapeutic troughs occurred in 92.9% (52/56) of patients and nephrotoxicity occurred in 7% (4/56) of patients when the SCr was rounded to 1 mg/ dL for vancomycin pharmacokinetic calculations with a trough goal between 15 and 20 lg/mL.
Discussion
Rounding SCr up to 1 mg/dL in elderly patients with an SCr \1 mg/dL is a practice used for calculating CrCl. In our trial, there was a statistically significant difference in the accuracy of population-based predictive vancomycin dosing kinetics between using rounded SCr and actual SCr. Comparing the measured vancomycin trough with that predicted using rounding SCr resulted in a mean difference of 8.84 lg/mL, while using the actual SCr resulted in a mean difference of 4.54 lg/mL. The smaller difference indicates a more accurate prediction. There was no statistically significant difference in the evaluation of actual SCr with actual SCr plus correction factor. The root mean squared for the actual SCr was 5.51, compared with 77.68 when the SCr was rounded to 1 lg/mL. The larger variance when using the SCr rounded to 1 lg/mL method shows that it provides a less accurate prediction. The difference between actual SCr (5.51) compared with actual plus correction factor (4.95) was negligible. In both male and female patients, a statistically significant difference was observed between rounded SCr and actual SCr. Based on our results, using rounded SCr had a larger numerical effect in females compared with males. Creatinine is mainly produced by metabolism of creatinine in the muscle, in which elderly patients typically have reduced protein intake and low muscle mass [9, 11, 12] . As seen in this study, the average difference between actual SCr and rounding SCr up to 1 mg/dL was 0.28 mg/dL; however, the difference was as large as 0.72 mg/dL. The use of actual SCr is a closer representation of a patient's true renal function compared with SCr rounded up to 1 mg/dL.
Farber and Mollering [19] concluded that older age is one of the risk factors for vancomycin-induced nephrotoxicity. In our patient population, nephrotoxicity was observed in 7.1% of patients, which is comparable with Cantu et al. [20] , in which researchers determined that the frequency of nephrotoxicity due to vancomycin therapy was 5-7%. A subtherapeutic vancomycin trough was Urinary tract infection 1 (1.8)
a Other: perforated colon, neutropenic fever, sacral decubitus ulcer, cervical discitis, pleural fluid infection, fever due to intra-abdominal or endovascular source observed in 92.9% of patients, while the remaining 7.1% were therapeutic. Our study limitations include the following: the small sample size may have made it difficult to find a significant relationship between actual SCr and actual SCr plus correction factor; the retrospective design required case report forms to be cross-matched with the electronic medical record; prospective dosing equations were used retrospectively; CrCl cutoffs were not used; and patients' actual CrCl was used for equations. Per institution-specific protocol, CrCl was calculated based on ideal body weight. The Devine formula [21] was used for the calculation of ideal body weight in patients under 60 inches in height, however the LBW2005 [22] equation may have been more appropriate in this clinical setting.
Conclusions
We observed underdosing of vancomycin in elderly patients when SCr rounded to 1 mg/dL was used to perform pharmacokinetic calculations. Based on our results, the measured trough was more accurately predicted by using actual SCr compared with utilizing an SCr rounded to 1 mg/dL in elderly patients with an SCr \1 mg/dL. In elderly patients, it may be necessary to consider using actual SCr to perform pharmacokinetic calculations. We also considered adding a maximum CrCl based on age. Our observations should ideally be confirmed by the conduction of a large randomized controlled trial. A future study may include vancomycin dose calculations using an SCr rounded to 1 mg/dL compared with that of actual SCr in obese patients aged C65 years.
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